Some of the gas turbine components are exposed to high temperature corrosion. Therefore, the life cycle of gas turbine is directly affected by the durability of the components.
Introduction
TBCs(thermal barrier coatings) can prevent high temperature corrosion of heat resistant alloy in the gas turbine [1, 2] . TBCs initially consisted of three layers: superalloy substrate; the bond coat (BC) and top porous zirconia coating. During operating at high temperature, a dense alumina layer, called thermally growth oxide (TGO), grown between top coating and ing can improve the efficiency of gas turbines, but complex thermo-mechanical cycles lead to the spalling of the TBCs. Bartsch et al. [8, [15] [16] [17] also studied the morphological instability of the TBCs, by a thermal gradient mechanical fatigue test device. During the operation of the turbine blades, due to centrifugal force, they usually bear both thermal cycles and mechanical loads. The mechanical load was applied by servohy-draulic testing machine. In order to heat the sample, the radiation of the bulbs was focused on the sample with a mirror. This machine produces a thermal gradient between internal cooling and external heating. The stress development evidently affected by high temperature deformation of creep [18] . Kang et al. [19, 20] also tested high temperature creep properties of heat resistant alloy formed by alumina.
Recently, Li et al. [21, 22] established a theoretical model to study the hole deformation during thermal and mechanical cycle [15] . Material properties of the substrate and TGO based on actual measurement or assumption, they analyzed with various conditions of thermo-mechanical load. However, even for the theoretical solution of the two-dimensional cylindrical model, the results are in good agreement with the experimental results.
Additionally, some researchers recommended new performance predition and optimization methods for TBCs which can be used to improve the durability of the gas turbine engines [23] [24] [25] [26] . The results described above have made a useful scientific basis for our research. In this paper, the effect of different design parameters on the hole deformation under thermo-mechanical load was studied by using the established theoretical model. In particular, the sensitivity of the growth strain and thickness of TGO layer, hole diameter was studied by design of experiments (DOE) method under the conditions of thermo-mechanical cycle caused by high temperature and centripetal force generated by blade rotation. The highlights of this paper is that the deformations subjected to thermo-mechanical cycles induced by the high temperature environment and vibration due to real operating conditions were discussed.
Experimental and theoretical methods
In this section, the method of performance analysis of TBC system is proposed, according to the experimental data. With this method, the TBCs can protect the high temperature components from thermal corrosion by increasing operating temperature, so as to improve the efficiency of gas turbine engine.
Specimen & experimental instruments
The following is an introduction to the experiments carried out in the author's previous work [21, 22] . In order to simulate the mechanical behavior of BC layer, Fecralloy was used as model material whose properties is similar to the superalloys.
The specimen was cut into strips with 50 mm length, 5 mm width, and 0.35 mm thickness in size. A small hole was machined in each sample center with a mini drill, and the inside and outside surface of the hole were polished. A small material testing machine was mounted to load Fecralloy specimens in thermal cycle. Fig. 1 shows the schematic diagram of the tester, a sample, an enlarged SEM photograph and a two-dimensional model for obtaining analytical solutions. Temperature and the TGO thickness were measured in-situ by two infrared pyrometers (CHINO, IR-FA1NNN and OMEGA, OS554-V1-E).
The specimens were under 20 thermo-mechanical cycling load, as shown in Fig. 2 . Each cycle consists of holding for 30 min at the peak temperature. 1200 • , 5 min cooling to room temperature, 2 min hold at room temperature, 5 min heat to the peak temperature. The mechanical load was applied only during the dwelling at the peak temperature. The displacement near the hole were measured by digital image correlation (DIC) method [20] .
Theoretical model
In the authors' previous work [21, 22] , the two-dimensional theoretical model was derived to evaluate the strain and stress distribution near the hole. Specifically, in the two-dimensional model, a cylindrical TGO shell matches to an infinite substrate with a small hole, as shown in Fig. 1 . Firstly, the strain of each phase is considered to be unconstrained, and then the stress-strain equation along the interface of TGO is deduced by imposing constraints. Appendix A presents the details. The substrate and TGO layer were considered to be temperature-dependent elastic-plastic materials, respectively. During heating to peak temperature T o , and cooling to room temperature, T RT , the system was driven by the thermal expansion mismatch between the substrate and TGO layer, ˛ T=(˛s ub -˛t go ) T. At the peak temperature, T o , the system was driven by the TGO growth, ε g .
During the cycling process, as shown in Fig. 2 , the stress and strain distributions in the substrate and the TGO layer were gradually studied by using the theoretical solutions.
3.
Optimal design for upgrading stability of TBC system
3.1.
Optimization strategies
Modeling method based on design of experiments
Experimental design is a method of selecting reasonable experimental points to obtain response values. Fig. 3 is the flow chart of the optimization modeling method based on experimental design. The main idea of the optimization modeling method based on experimental design is to find the best one from the analysis case of DOE method selection. 
Multi-objective optimization based on ideal point method
The multi-objective optimization strategy based on ideal point method is by comparing the ideal state of each design variable, multiple objectives can be transformed into one objective.
The detailed formula is shown in Eq. (1).
Where the f value has * symbols to represent the ideal value of each design variable.
Optimization of thermo-mechanical cycling

Case induced by high temperature environment and centripetal force due to rotation of blade
In this section, to select the experimental points the D-optimal method was used, which is one of the DOE methods. In this optimization, the design parameters were the TGO thickness (h), the TGO growth ratio (e g ) and the hole diameter (D).
The evaluated values were the strain (ε ) at the interface between the substrate and TGO layer and the substrate stress ( rr sub ) in the along the lateral direction. Table 1 is the experimental data obtained in previous studies [21, 22] . At the same time, these data were the initial data of this optimization. Fig. 4 is the high temperature creep properties of the Fecralloy with TGO layer. Based on these data, 20 cycles theoretical results can be obtained, including some useful data in previous studies such as material properties. In this study, the peak temperature was fixed to 1473 K.
Based on Tables 2 and 3 , we can see that using the D-optimal DOE method the 15 experimental points were selected. Table 2 shows the pure thermal cycles, and Table 3 shows the thermo-mechanical cycles with different mechanical loads of 0.2 MPa, 0.5 MPa and 1 MPa respectively. In Tables 2 and 3 , the values of 1, 0 and −1 mean 1.2 times of initial value, initial value and 0.8 times of initial value of each design parameters. From Tables 2 and 3 , it can be found out that with the increase of mechanical load, the strain at the interface and the substrate stress have been increased. As shown in Tables 2 and 3 , it can be found out that the trend is the same. For instance, from the strain at the interface, the 1st case is the best. On the other hand, from the substrate stress, 8th and 12th cases were the best cases.
For considering both of the strain at the interface and the substrate stress, the multi-objective optimization was applied for each case based on Tables 2 and 3 .
The ideal values for the strain at the interface and the substrate stress were set as 0 and 0 MPa respectively. Tables 2 and 3 show the same trends, when considering both the strain at the interface and the substrate stress simultaneously.
The 12th case is the best case to solve this multi-objective problems. 
Case induced by high temperature environment and vibration due to rotational speed of blade
In this section, the effect of thermo-mechanical cycling induced by vibration having frequency of 10,000 cycles/min or 5000 cycles/min was checked under the condition of having the magnitude of 0.2 MPa, 0.5 MPa or 1 MPa. Vibration having the frequency of 10,000 cycles/min was added to the maintaining period of high temperature (30 min), and each vibration experiences tension and compression periodically. Because the mechanical loading is not changed in this period, sub m is the mechanical stress (0.2 MPa, 0.5 MPa, 1 MPa). But, because sub is produced due to TGO growth in the thermal cycling, it will be increased from 0 MPa to 4.38 MPa which is the limit of the substrate when starting the high temperature maintaining period. When experiencing tension, we adopted the form of adding the thermal stress and the mechanical stress. When experiences compression, we change it under the condition of considering the directions are different.
Based on the Table 4 , it can be found out that the trend is the same. For instance, from the strain at the interface, the 1st case is the best case. On the other hand, from the substrate stress, 8th and 12th cases were the best cases. Table 4 shows the same trends when considering the strain at the interface and the substrate stress simultaneously. The 12th case is the best case when solving these multi-objective problems.
Also, the effect of thermo-mechanical cycling induced by the high temperature environment and vibration due to real operating conditions was compared to the effect of thermo-mechanical cycling induced by the high temperature environment and the centripetal force due to rotation of blade. Based on comparting Table 4 to Tables 2 and 3 , it can be seen that the stress in the substrate along the lateral direction is nearly the same. But, the effect of the centripetal force is much more important compared to the effect of vibration under the condition of having the same magnitude on the view of the strain between the substrate and TGO layer.
For testing the effect of frequency of vibration, we changed it to 5000 cycles/min. Table 5 shows the results having the magnitude of 0.2 MPa, 0.5 MPa or 1 MPa. From the results, it can be found out that the frequency of vibration has no significant effect under the condition of having 10,000 cycles/min or 5000 cycles/min.
In order to study the frequency effect much more, we analyzed the strain at the interface with variation of the frequency under the condition of 0.2 MPa. As shown in Fig. 5 , the frequency effect is small when the frequency is larger than 100 cycles/min.
Concluding remarks
The TBCs can improve durability of the high temperature components through increasing the life cycles of the TBCs, and also improve the thermal efficiency of the gas turbine engines through increasing the operating temperature of the gas turbine engines. In this study, the theoretical and experimental evaluations for the hole deformation with the conditions of thermomechanical cycling loads which induced by the centripetal force and the high temperature environment or vibration were performed to improve the durability of TBCs, and also the optimization method were developed to improve the performance of the TBCs. The life cycles of TBCs can be improved about 20 % by using the developed methods.
Compared to the thermo-mechanical load due to centripetal force and high temperature environment, the thermo-mechanical load induced by vibration and high temperature environment is not so significant.
The plane stress condition was applied to the theoretical model. Firstly, when the elastic deformations of the substrate and TGO layer occur simultaneously, the stress and strain of the substrate and TGO layer are given as functions of p. The sum of the hoop strains in the substrate and TGO layer, ε sub +ε tgo was equal to the strain difference, ε T . ε T is ˛ T or ε g during cooling/reheating or during hold at the peak temperature. Hence the p can be related to ε T as follows;
The yield conditions for the TGO layer and substrate are given by Eqs. (7) and (8) 
When the pressure reachesp = − tgo Y h R , the TGO layer yields, too, it is assumed that p remains constant. The strains or stresses remains constant.
Under the thermo-mechanical cycling loads, applied an additional tensile stress, during the hold at the peak tempera-ture. With the remotely applied stress, ∞ , the radial and hoop stresses at point A is given by (15) where the subscript m represents the mechanical stress remotely applied. The mechanical stress superimposed to the thermal stress is sufficient to cause creep deformation near the point A. To calculate the creep strain, the sum of the stress by Eq. (15) and that by Eq. (4) or (10) is substituted into the creep material properties of the substrate. That is the creep strain rate was calculated by 
